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77 ■ ABSTRACT 

A spiral galaxy partially ovelapping a more distant elliptical offers an unique 
opportunity to measure the dust extinction in the foreground spiral. From the 
Sloan Digital Sky Survey DR4 spectroscopic sample, we selected 83 occulting 
galaxy pairs and measured disk opacity over the redshift range z = 0.0-0.2 with 
the goal to determine the recent evolution of disk dust opacity. The enrichment 
of the ISM changes over the lifetime of a disk and it is reasonable to expect 
the dust extinction properties of spiral disks as a whole to change over their 
lifetime. When they do, the change will affect our measurements of galaxies over 
O ' the observable universe. 



O 



From the SDSS pairs we conclude that spiral disks show evidence of extinction 
to ~ 2 effective radii. However, no evidence for recent evolution of disk opacity 
is evident, due to the limited redshift range and our inability to distinguish 
other factors on disk opacity such as the presence of spiral arms and Hubble 
type. Such effects also mask any relation between surface brightness and optical 
depth that has been found in nearby galaxies. Hence, we conclude that the 
SDSS spectral catalog is an excellent way to find occulting pairs and construct 
a uniform local sample. However, higher resolution than the SDSS images is 
needed to disentangle the effects of spiral arms and Hubble type from evolution 
since z = 0.2. 
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Introduction 



The role of extinction may well change across the now-observable range of redshifts, as 
heavy elements are injected into the ISM but the reservoir of gas within a galaxy is progres- 
sively cycled through stars. Thus the history of dust within galaxies is intimately linked to 
the history of the overall star-formation rate, which has been at least pa rtly specified through 
observ ations of several deep fields with HST and other instruments. ICalzetti fc Heckman 
(119991 ) incorporated both SFR and abundance constraints to examine the possible histories 
of galaxy extinction, finding that these constraints allow two classes of solutions. These have 
markedly different redshift behavior, one with a peak extinction early on {z w 3), and the 
other building up dust more gradually with a peak extinction as late asz= 1. 

The typical dust mass in distant galaxies is very much a function of t he selected sample. 
Far-i nfrared selected samples point to more Arp-220 like dust prominence jRowan-Robinson et al 



2005), optical/UV selected samples point to disks very simil ar to the local ones (jSajina et al. 



20061 ) and Lyman-a galaxies point to low-extinction disks (INilsson et al.ll2007| ). 



The observational situation at large redshifts is still ill-constrained, s o far based on (i) 



mode l ing the spectral energy distr i butions (SEDs) of galaxies at high z ( Rowan- Robinson 



20031 : iRowan-Robinson et al.l 120051 ; ISajina et al.l 120061 : INilsson et al.l 120071 ) . (ii) measuring 



lens s ystem (e.g, 



Nadeau et al. 


1991: 


Falco et al. 


1999: 


Motta et al. 


2002: 


Eliasdottir et al. 



20061 ). (iii) correlating the colors of quasar s with metal-line absorption systems compared 



.e.g., 



to ave rage QSO SEDs ( Hopki ns etal.1 12004) . and (iv) the extinction fits to Snla lightcurves 



Knop et al.ll2003l; [Jha et al.l 120071 ) . To date, the SED models have yielded the most 
results: iRowan- Robinson! (120031 ) fin d a peak extinctio n at z ~ 1 and lower be yond that -no 



extinction at z = 6-7 according to lYan et al.l (120051 ). Yet IVijh et al.l (120031 ) find a strong 
correction for the SFR in the early universe due to dust attenuation by an LMC-type dust. 
The QSO SED's match the SMC's extinction law with most of the extinction in the nucleus 
itself. Most of the lensing systems are early-types however. Lensing measurements find a 
wide range in the value of Ry and the SNla measurements find no change in reddening. 



The first three methods are very vulnerable to color and surface brightness selection 
effects and the SED models are very dependent on the assumed geometry of ISM and stars. 
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Partially overlapping galaxies offer a alternative and more direct way to approach the ques- 
tion of the evolution of dusty ISM in spirals. 



2. The occulting galaxy pairs technique 



An occultinig galaxy pair -a foreground spiral partially covering a background galaxy- 
can be used up to high redshift to determine the opacity of the spiral. The flux contributions 
in the overlap region from both galaxies are estimated from the non-overlap parts (Figured]). 
From a single image, we obtain the non-overlapping flux from the foreground spiral (F'), the 
non-overlap background flux (B') and the flux from the overlap region (F + Be~ T ). We can 
now estimate the optical depth (V) from these three observables: e~ r ' = ([F+Be~ T ]— F')/B' . 

As the background galaxy, a partially occulted ellipical is ideal because its light profile 
is very symmetric: the assumption that the non-occulted part is a good approximation of the 
occulted part is a reasonable one. This leaves the assumption that the foreground spiral is 
symmetric as the predominant source of uncertainty. The method has been extensively used 
in the local universe which gives us a direct comparison set for more distant measurements. 



The occulting galaxy technique was originally proposed by IWhite fc Keel! (119921 ) to 
probe spiral disk extinction in the local universe, and in the following decade t he known 



nearby overlapping-galaxy pairs were exhausted, using both groun d-based imagin g (lAndredakis fc van der I 



20001 ) and HST/ WFPC2 imaging 



1992; lBerlind et al.lll997l ; lDomingue et alll 999; W hite et aU2000f), spectroscopy (IDomingue et al. 



Keel k White 



2001a 



bl; lElmegreen et al.ll200ll ). The ideal 



pair, described by Iwhite fc Keel Jl992h . is a bright elliptical partially behind a symmetri 



nc, 

face-on spiral. Since only a few pairs were known in the local universe, these studies used a 
great variety of background galaxies. Their results included radial extinction plots for the 
extinction across the entire height of the disk. ? The results follows a gray extinction law 
when taken over lar ge regions but approa ches a typical Galactic extinction law for scales 
smaller than 100 pc (IKeel fc White l2001af). Some indication that the cl oud sizes are fractal 
in nature was found by IKeel fc White! (j2001al ) . iHolwerda et al.l (j2005al ) used counts of dis- 
tant galaxies seen in HST images of nearby spirals to independently confirm the values for 
disk extinction from occulting pairs. 

From the SDSS DR4 spectroscopic sample we have selected 83 occulting pairs with an 
elliptical as the background galaxy -the ideal configuration. The foreground spiral galaxies 
span a range in redshift (z—0. 01-0.3). Starting with spectroscopic identification of both 
sources and their redshifts represents a significant improvement in reliability and quality of 
the pairs. The ideal occulting pair -spiral over elliptical- provides the best estimate of dust 
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content of a the spiral disk (Figured]). An additional advantage of this SDSS sample is a 
high separation in redshift (Az) of background and foreground galaxy; there are fewer issues 
with scatter of background light and interacting pairs. 

This SDSS sample has selection properties more like what we are likely to get in the 
high-z fields than our carefully culled previous overlap sample (carefully culled to reduce 
the incidence of galaxies with asymmetry issues, for example) and this, while the bulk 
measurements will have larger errors, is perhaps a better starting point if we want to look for 
evolution of the disk extinction. Also, this technique, while very likely suboptimal for some 
individual marginal cases where an analysis "by hand" could do better, is more like what 
one can try on the large samples of poorly-resolved systems at higher redshift (z > 0.3). 



3. Sample selection 



Warren et al.l (119961 ); iBolton et al.l (120041 ) describe a technique to select high-redshift 
spiral galaxies lensed by a for eground elliptical galaxy from S PSS DR4 spectroscopic sample 
for HST snapshot follow-up (jKoopmansI 120041 ; iBoltonl 120051 ). They select red, absorption- 
dominated spectra -typical for ellipticals- that also display multiple high-redsh i ft emission 



lines associated with the background lensed spi ral galaxy (IBolton et al.l 120061 ; iTreu et al. 
20061 ; iKoopmans et al.l 120061 ; iGavazzi et al.l 120071 ) . It is a straightforward matter to imple- 



ment the reverse of this algorithm to select absorption-dominated spectra with emission lines 
at lower redshifts, to find spiral disks with a bright background elliptical behind them. 

Objects were selected from the fourth datarelease of the Sloan Digital Sky Survey spectra 
if they met the following criteria: 

1. The redshift is successfully found by the Princeton ID spectral pipeline 
fhttp: / / spectro.princeton.edu~7| ■ 

2. The objects is classified spectroscopically as a galaxy by this pipeline: the x 2 fit is 
better for a galaxy spectrum than a star or QSO. 

3. Rest-frame Ha equivalent width less than 4 A to select ellipticals. 

4. Redshift less than 0.4 to enable the Ha equivalent width cut in the optical band. 

5. At least 3 of 5 lines ([Oil], H/?, [OIII], [OIII] and Ha) are detected at a redshift greater 
than 0.01 but less than the elliptical's redshift. 



The reversed algorithm yielded 118 candidate occulting pairs in the SDSS DR4 spectral 
sample. Both galaxies are within the 3" aperture of the SDSS fiber, ensuring a small angular 
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separation of the occulting pair members. In addition, we have visually verified the suitability 
of each pair and we picked only those that have the ideal pair geometry (Figured]). The 
resulting sample is 83 ideal pairs. The Sloan spectroscopy limits us effectively to galaxies 
with redshifts less than 0.4 (z < 0.4), and most of the spirals are closer than 0.3 (z < 0.3). 
Figure [3] shows the distribution of redshifts for the foreground and background galaxies. 
The majority of the foreground galaxies is nearby (z<0.1) The SDSS DR4 spectral catalog 
information is listed in Table [H These spirals, backlit by a bright symmetric elliptical, enable 
us to measure the extinction to the highest degree of accuracy possible with this technique. 



The Sloan Digital Sky Survey (jYork et ajj|2000j , SDSS) has mapped one-q uarter of the 



Smith et al. 



entire sky mainly around the north galactic cap in five bands, u\ g\ r', %', 
( 120021 ); iFukugita et all (119961) . SDSS imaging is obtained using a drift-scanning mosaic CCD 
camera ( Gunn et al. 19981 ) with a pixel size of 0'.'396. We obtained all five bands of the night 



sky ( "corrected frames" ) in fits format using the SDSS SkyServer DR5 ( |http: / / cas.sdss.org/ dr5 / en/tools/ch 
The corrected frames, having been bias subtracted, flat-fielded, and purged of bright stars 
are stored at SDSS in integer format to save disk space. The pixel values get randomised 
appropriately before being rounded to make sure that the statistics of the background counts 
are what they should be. An additional offset (SOFTBIAS) of 1000 counts is added to each 
pixel to avoid negative pixel values and should be subtracted together with the sky value. 
We used only single SDSS scans for our analysis (no pair was on the dividing line between 
scans) . 



4. Fit to the occulting pair 

The uniform approach to the SDSS images of these pairs is to fit the images with the 
central x and y position of the foreground and background galaxy as free parameters as well 
as the angle of rotation of both galaxies, 6 free parameters total (xf g , Vf g , paf g , Xb g , yb g , pabg)- 
The best fit criteria is a minimal residual image, the original image with the two rotated 
galaxies subtracted. We used a new fit for each SDSS filter. Because the image is used to 
model itself, we do not need to take the SDSS point spread function into account. 

To identify objects in th e field and the members of the pair, we ran source extractor 
v2.5 ( Bertin fc Arnouts 1996)0. If both members of the pair are separated and identified in 
the segmentation by source extractor, we can proceed with the fit. We use the assignments 
of pixels by source extractor to mask non-pair object. A 100 by 100 pixel postage stamp 
is cut from the SDSS scan around the pair and used for the further fit with the ID1 rou- 



1 See also the user manual. iHolwerdal (|2005f ) 
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tine mpfit2dfun. The mask for each pair member is padded by smoothing it with a 3 pixel 
wide boxcar. Typical galaxy sizes are several hundred pixels. We use the padded masks 
to determine which pixels are to be used for the fit. The model subtracted from the orig- 
inal image is the foreground galaxy rotated, plus the background galaxy rotated with the 
sky value subtracted from the original image. The source extractor catalog used to make 
the segmentation image also provides the effective radius, ellipticity and flux for both the 
foreground galaxy and background galaxy. The ellipticity is converted into an inclination 
estimate (i = atan(B/A)). 

We apply two apertures to the extinction map based on the fits, each 5x5 pixels. In 
the g-band images, we visually identified a good position for an aperture. An additional 
aperture position can be identified in the extinction map by using the point of maximum 
extinction as the center of the second aperture. Extinction values for the visual aperture are 
presented in Tables |2] for the SDSS filters. The disk opacities have been corrected for the 
inclination (xcos(i)). 

The inclusion of an automatically selected aperture position was to test whether or not 
this method can be easily automated to apply on large samples of near pairs. It appears 
that a visual placement of the aperture remains optimal. 

The fit fails in case source extractor did not segment the pair into two separate objects 
or when there is no signal in the visual aperture. Negative extinction values occur when the 
galaxies are significantly asymmetric but the fit does not explicitly fail. We include these 
negative opacity values because it gives an indication of the dominant remaining uncertainty 
in these measurements. 

Figure H] shows the redshift distributions for pairs with a successful fit. An opacity 
measurement of a spiral disk from SDSS images is feasible for disks closer than z=0.2. The 
fit fails for more distant disks as the pair cannot be resolved into separate objects. 

5. Results 

The optical depth value of a spiral disks depends a great many factors, radius, arm 
presence, Hubble type and possibly disk luminosity. In this section we explore some relations 
between disk opacities and other disk characteristics, radius, disk luminosity and surface 
brightness. Finally, we present radial plots based on stacked SDSS filters together to improve 
signal-to-noise. 
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5.1. Radial profiles 

Figure [6] shows the radial profiles based on the visual apertures for all five SDSS filters 
(g', r', i', u', z') and split up into three redshift ranges (z < 0.05, 0.05 < z < 0.1 and 
z > 0.1). Figure [7| shows the same plot for the automated aperture. The increase of scatter 
in the automatic aperture does indicate that the visual aperture is better placed to measure 
disk opacity. The opacity values have been corrected for inclination (xcos(z)). The r' and 
i' filter has the best extinction signal. Notably, the u' band fits are all failures as the early 
type background galaxy is too faint in this band and the foreground galaxy possibly too 
irregular. The reason that the most extinction signal is in the r' and i' filters is because 
these are blue enough to exhibit strong dust extinction but red enough to benefit from a 
symmetric distribution of the light in both galaxies. Bluer filters are more asymmetric due 
to localized star formation in the foregr ound galaxy's spiral a rms. This is in agreement with 
HST/WFPC2 results in local galaxies fceel fc White! boOlaB ). 



The resolution of the SDSS for these pairs is unfortunately not sufficient to distinguish 
between arm and disk sections similar to previous studies in the very local universe. In order 
to obtain similar quality measurements, one would greater resolving power such as HST. 
The opacity values in Figure [6] are therefore a mix between the arm and disk values. 

Similarly, distinguishing Hubble subtypes for these galaxies is equally impossible and 
hence the opacities repre sent also mix between earlier and later typ e spiral, which most likely 



have different opacities (I White et al.ll2000l ; iHolwerda et al.l 12005 



Because of the many other influences and the small span of the redshift range in Figure 
E] it is impossible to conclude if there is any evolution in the opacity of spiral disks from 
the single-filter SDSS data. However, we can conclude that optical disks show evidence of 
extinction up to twice their effective radius in all SDSS filters except u, which is due to low 
S/N from the red background galaxy. 



5.2. Exponential fits 

In both Figures E] and [7] we show the least-square fit of an exponential disk to the 
positive points (fit-parametes are listed in Table [5] and Hj) . The fits are poor and unrealistic 
(increasing with radius) for many of the SDSS filters. For a better fit, one would need better 
S/N and distinguish between arm and disk sections . 
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5.3. Disk opacity and luminosity 



Tully et al.l (119981 ) and Masters et al.l (120031 ) note a relation between disk opacity and 



overall luminosity. A similar relati on for sections of the dis ks between surface brightness and 
opacity in spiral arms is noted in iHolwerda et al. (h005al lbL Figure [8] shows the relations 
between magnitude of the foreground galaxy and disk opacity for all the SDSS filters. No 
relation can be seen. Figure [9] is the relation between optical depth and surface brightness 
i n the visual aperture. In nearby galaxies there is appears to be a relation between the two 
(IHolwerda et al.ll2005bl ). but there is little evidence that brighter disks are also more opaque 
here. 



5.4. Extinction law 

With several independent disk opacity measurements in four different filters, one could 
construct a reddening law for disks at higher redshift. However, the optical depths in the 
vis ually identified apertu re agree with each other in all four filters (See Figure [6]). As noted 



by iKeel fc White! (j2001al ). disk opacity is effectively gray unless sampled over disk sections 
smaller than 100 pc. The explanation is that the ISM is very clumpy, resulting in a gray 
extinction law when averaged over larger sections. 



5.5. Stacked images 



In order to improve the S/N of our measurement and given the expected lack of an 
extinction law, we have stacked various combinations of the SDSS filter images and fit them 
as a single SDSS filter field. In Tableland Figure [TT| the results are summarized. The noise 
does appear somewhat reduced in the radial profiles using r+i stacked fields (Figure [TT]) . 
Stacking more fields together or a different combination did not result in any improvement 
of S/N (Table ED . 

We note th a t the o ptical depth measureme nts in our sample are at similar radii as those 
by IWhite et al.l (120001 ) ; iDomingue et al.1 (120001 ) (see Figure [TTj) . As in Fig ures M and [71 we 



fit an exponential profile to the points (parameters in Table [6]), both to the IDomingue et al. 



( 120001 ) points and the r+i opacity points at different redshift. The higher redshift profile 
fits are extremely flat, with high scale- lengths. If we compare the higher redshift profiles to 
the nearby points, they resemble the arm profile more than the disk. However, much of the 
profile is determined by opacity measurements nearer to the center of the spiral galaxy. 
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We do not have meaningful extinction measurements close to the center of the foreground 
spiral as there is not enough flux from the background galaxy. In a deeper image, there would 
be significant flux from the background elliptical nearer to the center of the spiral, enough 
to make a significant extinction measure there. The pairs did get selected however because 
both fell within the 3" of the SDSS spectroscopic aperture. Together with the resolution 
to distinguish between arm and disk, this is another argument for follow-up with HST or 
possibly a large ground-based telescope. 



6. Discussion and conclusions 

The occulting galaxy technique is a well established one to measure disk extinction in 
the local universe. In combination with the wealth of data in the SDSS, we can construct a 
recent history of average disk extinction since z ~ 0.3. However, due to the spatial resolution, 
this disk opacity history is for the mix or arm and disk regions for all late-type disks. The 
redder optical bands have proven themselves to be optimal for opacity measurements in 
these pairs due to the brightness of the background early type and less asymmetry in the 
foreground spiral. 

From our analysis of 83 occulting pairs in the SDSS DR4 we can conclude the following: 

1. Selection of occulting galaxy pairs from a uniform spectroscopic sample like the SDSS 
has a very high rate of success resulting in a substantial sample (£|3]). 

2. Fits to occulting pairs can be automated yet the optimal placement of an aperture to 
measure the disk opacity can not (§2j Figure [6] and [7]) . 

2. The i' and r' filters in SDSS are optimal for measuring disk opacity in more distant 
galaxy pairs (Figure [6]). 



3. The radial plots are similar to those found by lWhite et al.l (120001 ) for a mix of arm and 
disk values (Figure [TT]) . 

4. There is not enough redshift range in the current sample with successful fits to distin- 
guish an evolutionary trend in disk opacity (Figure [TTT). 

5. There is no relation between overall disk luminosity and local disk opacity and only 
a weak relation between local surface brightness and disk opacity, probably because 
arms cannot be resolved at these distances by SDSS (Figures [8] and M). 
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6. Optical depth values in different filters agree with scatter due to the different asym- 
metry in galaxies in different filters, consistent with earlier findings (Figure [TOl) . 



7. Stacking SDSS images does result in some S/N improvements. In order to probe the 
inner parts of the spirals, deeper exposures are needed (Figure [TTT) . 



8. The exponential profile of disk opacity fo r the h igher redshift pairs is flatter than that 
of the nearby ones from iDomingue et al.l (120001 ). More points at lower galactic radius 
are needed to confirm (Figure fTTi) . 



7. Future Work 



These SDSS pairs constitute the ideal sample for study of spiral disks opacity in the 
local Universe (z<0.4). For these and more distant pairs, the photometric stability and high 
resolution of HST will be needed to 1) resolve Hubble sub-type, 2) distinguish between arm 
and disk sections and allow for optical depth values closer to the center of the spiral. The 
SDSS measurements can however serve as a reference for higher-redshift pairs images with 
HST for which Hubble type and spiral arm identification also remain impossible. 
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Fig. 1. — A schematic of the ideal occulting pair. The background galaxy is a symmetric 
elliptical galaxy and the foreground galaxy a symmetric spiral. In the overlap region, the 
elliptical is bright enough to provide an extinction signal but the elliptical is not completely 
hidden behind the spiral so the contribution of the elliptical to the overlap region can be 
estimated from the non-occulted part. 



B' 



B' 



Fig. 2. — A schematic of the automated occulting galaxy method with the pair 1006-52708- 
624. The extinction map is constructed when the fitparameters (central positions and rota- 
tion angles) of both pair members have been determined. The foreground galaxy is rotated 
and subtracted with the resulting image divided by the flipped background image. The 
resulting image is the opacity map. In case the area of the background image is perfectly 
unity, both galaxies are perfectly symmetric and there is no extinction. 
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Fig. 3. — The histogram of redshift distribution of both the background and foreground 
galaxy. The majority of pairs is nearby (z<0.1). The spectroscopic selection from the SDSS 
limits the pairs to closer than z = 0.4. 
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Fig. 4. — The histogram of redshift distribution of both the background and foreground 
galaxies in pairs for which a successful fit is found. No good fits are obtained for the u band 
and only disks closer than z=0.2 could be fitted. 
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Fig. 5. — The plots of the redshift distance between foreground and background galaxy and 
the derived optical depth in the visual aperture in the SDSS for which meaningful opacities 
can be obtained. There appears to be no systematic relation between the distance between 
the pair members and the optical depth inferred. 
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Fig. 6. — Disk opacity in the visual aperture as a function of radius in all five SDSS fil- 
ters; top: z<0.05, middle: 0.05>z>0.1, bottom: z>0.1. The dashed lines represent and 
exponential fit to the positive optically thin opacity values. 
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filters; top: z<0.05, middle: 0.05>z>0.1, bottom: z>0.1. The dashed lines represent and 
exponential fit to the positive optically thin opacity values. 
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Fig. 8. — The plot of disk optical depth and foreground galaxy magnitude -measured by 
the source extractor run part of the fit. There appears to be little relation between optical 
depth and disk brightness, probably because other affects -radial distance, arm presence and 
Hubble type- dominate the optical depth value. Negative optical depth values occur when 
there is significant asymmetry in either or both of the members of the occulting pair. 
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Fig. 9. — The plot of disk optical depth and foreground galaxy surface brightness in the 
aperture. No relation is evident. 
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Fig. 10. — The relation between opacity measurements in the visual aperture for four different 
SDSS filters (g\ r\ i', z'). Only the non-zero opacities are shown. The values agree for the 
most part for the visual aperture as a Galactic extinction law is expected to be resolved only 
when the spatial scale is less than 100 pc. 
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Table 1. The SDSS basic data of the occulting galaxy pairs. 
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Table 1 — Continued 
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1321 


52764 


461 


203 


.989570 


56.632780 


0, 


,1528 





,2173 


22 


.30 


20 


.49 


19 


.11 


18. 


.56 


18.24 


1324 


53088 


50 


212 


.489360 


53.497750 


0. 


,0422 


0. 


,2251 


22 


.31 


20 


.52 


19 


.31 


18. 


,79 


18.46 


1325 


52762 


313 


211 


.388780 


54.126820 





,1168 


0. 


,2119 


22 


.14 


20 


.29 


18 


.96 


18, 


,48 


18.10 


1327 


52781 


252 


218 


.738380 


51.467310 


0. 


,0799 


0. 


,1408 


21 


.41 


19 


.79 


18 


.77 


18. 


.31 


17.97 


1332 


52781 


469 


233 


.667240 


46.404020 


0. 


,2849 


0, 


,3199 


22 


.41 


20 


.89 


19 


.44 


18 


,89 


18.57 


1363 


53053 


104 


166 


.400210 


42.239340 





.1759 


0. 


,2673 


22 


.44 


20 


.71 


19 


.28 


18. 


,73 


18.41 


1373 


53063 


255 


191 


.929650 


43.917920 





.0294 


0. 


,1317 


21 


.48 


19 


.63 


18 


.61 


18. 


.20 


17.87 


1388 


53119 


618 


233 


.838020 


32.213560 


0. 


.0370 


0. 


,2180 


21 


.91 


20 


.30 


19 


.18 


18, 


.69 


18.36 


1390 


53142 


385 


236 


.455400 


29.691260 


0. 


,1313 


0, 


.2863 


22 


.17 


20 


.44 


19 


.02 


18. 


.42 


18.02 


1402 


52872 


554 


236 


.160490 


35.176090 


0, 


.0550 


0. 


.0790 


21 


.02 


19 


.26 


18 


.35 


17, 


,90 


17.60 


1416 


52875 


490 


236 


.353870 


36.378000 


0. 


.0653 





,1909 


21 


.48 


20 


.05 


19 


.03 


18. 


,56 


18.17 
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Table 1 — Continued 



plate 


mjd 


fiber 


ra 


dec 


zfg 


zbg 


u 


g 


r 


i 


z 


1423 


53167 


528 


250.832630 


26.703910 


0.1975 


0.3322 


22.71 


21.35 


19.89 


19.30 


18.92 


1426 


52993 


385 


151.191870 


37.772590 


0.0232 


0.0519 


20.39 


18.62 


17.78 


17.40 


17.09 


1429 


52990 


336 


156.275830 


45.059290 


0.0742 


0.1461 


21.44 


19.68 


18.50 


17.97 


17.62 


1604 


53078 


459 


168.059410 


12.811400 


0.0771 


0.1681 


21.30 


19.22 


18.03 


17.54 


17.15 


1607 


53083 


48 


174.721650 


11.288210 


0.0814 


0.1513 


21.59 


19.93 


18.80 


18.42 


18.00 


1618 


53116 


285 


171.000090 


6.105510 


0.0370 


0.1741 


21.50 


19.68 


18.56 


18.11 


17.74 


1620 


53137 


175 


175.693770 


7.235100 


0.0653 


0.1011 


21.21 


19.36 


18.38 


17.89 


17.50 


1677 


53148 


262 


226.092130 


43.630090 


0.1931 


0.3080 


22.36 


20.87 


19.45 


18.88 


18.46 


1746 


53062 


533 


155.484860 


14.117880 


0.1402 


0.2469 


22.03 


20.37 


19.02 


18.46 


18.12 
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Table 2. The optical depths of the SDSS filters. These values have not been corrected for 

inclination. 



plate mjd fiber Zf g 



z bg 



R 



Incl 



267 
273 
275 
281 
282 
285 
313 
367 
403 
408 
435 
436 
440 
464 
474 
484 
487 
497 
499 
511 
512 
529 
550 
628 
629 
637 
671 
765 
782 
790 
792 
808 
845 
848 
860 
864 
877 



51608 499 

51957 323 

51910 233 

51614 624 

51658 120 

51930 15 

51673 546 

51997 222 

51871 586 

51821 336 

51882 118 

51883 638 
51885 370 
51908 211 
52000 548 
51907 616 
51943 305 
51989 73 
51988 152 
52636 313 
51992 302 
52025 408 
51959 624 
52083 262 
52051 26 
52174 334 
52206 347 
52254 179 
52320 306 
52441 527 
52353 432 
52556 39 
52381 270 
52669 602 

52319 451 

52320 91 
52353 458 



0.04 
0.11 
0.03 
0.05 
0.07 
0.02 
0.04 
0.08 
0.14 
0.07 
0.23 
0.04 
0.18 
0.12 
0.21 
0.16 
0.12 
0.20 
0.11 
0.13 
0.05 
0.02 
0.17 
0.03 
0.12 
0.09 
0.04 
0.04 
0.15 
0.03 
0.14 
0.21 
0.07 
0.05 
0.04 
0.04 
0.04 



0.09 
0.18 
0.09 
0.20 
0.26 
0.14 
0.30 
0.14 
0.17 
0.12 
0.26 
0.36 
0.25 
0.20 
0.30 
0.25 
0.25 
0.40 
0.29 
0.27 
0.23 
0.17 
0.20 
0.12 
0.35 
0.18 
0.28 
0.21 
0.21 
0.14 
0.20 
0.37 
0.32 
0.22 
0.16 
0.26 
0.06 



...(...) 
...(...) 
0.81 ( 0.13) 
...(...) 

1.82 ( 0.27) 
...(...) 
...(...) 
...(...) 
...(...) 

1.11 ( 0.45) 
...(...) 
1.63 ( 0.27) 
...(...) 
...(...) 
...(...) 
...(...) 
3.48 ( 0.39) 

1.12 ( 0.42) 
1.81 ( 0.64) 
0.81 ( 0.37) 
1.26 ( 0.29) 
...(...) 
...(...) 
...(...) 
0.85 ( 0.34) 
1.06 ( 0.46) 
4.23 ( 0.14) 
...(...) 
...(...) 

1.83 ( 0.30) 
1.76 ( 0.41) 
...(...) 
...(...) 
2.22 ( 0.19) 
1.66 ( 0.23) 
...(...) 
...(...) 



0.0 

0.0 

39.0 

0.0 

61.7 

0.0 

0.0 

0.0 

0.0 

27.7 

0.0 

57.0 

0.0 

0.0 

0.0 

0.0 

59.5 

38.6 

49.7 

52.8 

44.3 

0.0 

0.0 

0.0 

40.7 

48.6 

24.2 

0.0 

0.0 

67.3 

23.1 

0.0 

0.0 

42.0 

32.5 

0.0 

0.0 



39 





2.39) 




24) 











-0 



33) 




44 ( 3.65) 

(...) 
21 ( 3.61) 

(...) 
10 ( 2.19) 

(...) 

76 ( 1.94) 
(...) 
(...) 
(...) 
(...) 

13 ( 4.92) 
(...) 
98 ( 3.12) 
(...) 

83 ( 6.27) 
37 ( 6.54) 
(...) 
(...) 
(...) 

32 ( 1.72) 
(...) 
18 ( 78.96) 
(...) 
(...) 
( 1.67) 
( 6.47) 
.(...) 
27 ( 1.36) 
|.16 ( 4.21) 
13 ( 2.70) 

•(•••) 
.(...) 

•(•••) 
29 ( 0.79) 
24 ( 1.81) 
.(...) 



-0.01 ( 26.35) 

...(...) 

0.10 ( 11.02) 

...(...) 

0.01 ( 3.85) 

...(...) 

...(...) 

...(...) 

...(...) 

0.20 ( 4.11) 

...(...) 

0.42 ( 2.31) 

...(...) 

...(...) 

...(...) 

-0.13 ( 2.13) 

-0.23 ( 7.13) 

-0.05 ( 24.50) 

0.0 ( 2.54) 

...(...) 

0.12 ( 2.86) 

...(...) 

...(...) 

...(...) 

0.09 ( 2.35) 

0.0 ( 4.10) 

-0.01 ( 2.07) 

...(...) 

...(...) 

...(...) 

-0.03 ( 2.03) 

...(...) 

...(...) 

-0.07 ( 1.91) 

0.41 ( 1.02) 

-0.24 ( 19.63) 

...(...) 



...(...) 

...(...) 

0.06 ( 2.14) 

...(...) 

0.04 ( 5.93) 

...(...) 

...(...) 

...(...) 

...(...) 

-0.02 ( 1.86) 

...(...) 

0.19 ( 1.88) 

...(...) 

...(...) 

...(...) 

...(...) 

-0.20 ( 5.69) 

0.23 ( 2.12) 

0.76 ( 61.34) 

0.90 ( 4.77) 

0.03 ( 3.82) 

...(...) 

...(...) 

...(...) 

-0.20 ( 2.18) 

1.10 ( 2.86) 

1.89 ( 13.63) 

...(...) 

...(...) 

...(...) 

0.06 ( 2.04) 

...(...) 

...(...) 

...(...) 

0.23 ( 2.62) 

-0.05 ( 2.01) 

...(...) 
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Table 2 — Continued 



plate 


mjd 


fiber 


z fg 


Zbg 




R 


Incl 




T a 


TV 


n 


&&9 


OZO / u 


1 99 
1ZZ 


or 

U.UD 


U. lo 


■ ■■{■ 


• • ) 


n 

U.U 


...... 


■ ■■{■■■) 


■■■{■■■) 


■ ■■(■■■) 


ooo 


KOA qO 
0z4oU 


ODD 


n oc 
u.uo 


U. lo 


...(. 


■ ■ ) 


U.U 


...... 


n 1 1 ( a C8\ 
u. 1 1 4.0o j 


O 07 I 9 
-U.Ul Z.00 ) 


oq ( 1 o^ 

-U.Uo O.IUJ 




Ozo 1 4 


9/1 9 
z4z 


n H/i 

U.U4 


n 17 

U.l / 


...(. 


■ ■ ) 


n n 

U.U 


...... 


■ ■■(■■■) 


■ ■■(■■■) 


...(...) 




^fifi" 1 ! 


4UO 


n OR 

U.UD 


n 1 r 

U. ID 


( 


■ ■ ) 


n 

U.U 




( \ 
■ ■■{■■■) 


( \ 
■ ■■{■■■) 


■ ■■{■■■) 


oyu 




4DO 


u.uo 


1 1 
U. 1 1 


9 AQ 


( n 1 q\ 


A^ 8 

40. 


n n (~\ r >'i 7q\ 
u.u ^izo. ( y j 


u.o / ^ 1U. ( u J 


n if! k 04 ^ 

u.iu ^ o.y4^ 


n no ( A7 1 n\ 

u.uy ^ 4 / . iu j 


y io 


OZ400 


101 


oa 

U.Uo 


file 
U. ID 


■ ■■{■ 


• • ) 


n 

U.U 


...... 


n in M 7Q^ 

u.iu ^ 1. * yj 


O 09 ( 9 ^fi'l 
-U.UZ ^ Z.OD ) 


■■■{■■■) 


yoi 


ozoiy 


G/l 
04 


U. lo 


n 98 
U.zo 


...(. 


■ ■ ) 


U.U 


...... 


• ••(•••) 


■■■(■■■) 


■■■(■■■) 


yoo 


OZ41U 


1 OA 
iy4 


u. 10 


n 31 

U.Ol 


A AQ 
4.4y 


( n si ~i 


3R 3 

ou.o 


...(...) 


{ \ 
■ ■■(■■■) 


n qa < 9 79 s ! 

-U.OO ^ Z. / ZJ 


n R9 ( 1 90"i 
-u.oz ^ i.zy ) 


070 


^9/1 1 3 
OZ410 


/ins 

4Uo 


30 

U.OU 


n 38 

U.Oo 


■ ■■{■ 


• • ) 


n 

U.U 


...... 


( \ 

■ ■■{■■■) 


■ ■■{■■■) 


■■■{■■■) 


o&n 
you 


OZ401 


300 

oUU 


U. lo 


n 90 
u.zy 


1/1Q 

1 .4y 


( n 90~t 

^ U.ZU ) 


18 1 
lo. 1 


...... 


n fi7 ( 9 9^^ 
-U.O/ ^ Z.ZOJ 


O 07 ( 1 AR\ 
-U.U/ 1.4oJ 


n 01 M 7fi s i 
-U.ZI ^ 1. /OJ 


1UUU 


OZ040 


337 

00 / 


no 
u.uy 


n 39 

U.OZ 


...{. 


■ ■ ) 


n 

U.U 


...... 


( \ 
■■■{■■■) 


O 97 ( 9 88^ 
U.Z / z.00 j 


n 99 ( 1 afin Q7\ 
u.zz ^loou.y / ) 


1UUD 


C9708 
0/ f Uo 


AO/I 
0z4 


n nr; 
u.uo 


U. lo 


1 .OO 


( n 9/H 


cq 9 

Oo.z 


...... 


n n ( 1 ^a\ 

U.U 1.04J 


/in i 1 fin\ 

U.4U l.OUj 


O 98 ( 9 7fi\ 
U.zo z. /OJ 


1 007 
1UU / 


C970fi 


ci 
oiy 


n oc 
u.uo 


n 9n 
U.zU 


...(. 


• • ) 


U.U 


...... 


■ ■■(■■■) 


■ ■■(■■■) 


■■■(■■■) 


1 1 fin 

1 1DU 


OZO / 4 


/Ifi8 
400 


9/t 

U.Z4 


n 9Q 
u.zy 


( 

■ ■■{■ 


■ ■ ) 


n 

U.U 


...... 


■ ■■{■■■) 


■ ■■{■■■) 


■ ■■{■■■) 


1Z10 


OZ / ZO 


988 
zoo 


n 97 

U.Z / 


n 33 

U.oo 


I 


■ • J 


n 

U.U 




-U.Ul ^ 1. to) 


■ ■■{■■■) 


■ ■■{■■■) 


1 9^0 


OZO / z 


fi3Q 

Doy 


n 0^ 
u.uo 


U. ID 


1 1 Q 
1 . iy 


< n 

( V.dl) 


fin o 
uu.y 


n n ( 9 

u.u ^ Z.OUJ 


n 1 c t 9 91 \ 

u. 10 ^ Z.Zl J 


n 97 ( 9 a^ 

U.Z / ^ Z.OO J 


n 1 1 (~\ok 7a\ 

U. 1 1 ^IZO. / 4 J 


1 9Q^ 


Oz / o4 


1 fi/i 

104 


n in 
U. 1U 


n qq 
u.oo 


U.oo 


( n 9/i ^ 


fii 9 

01. z 


...... 


n oq ( i qa\ 
-U.Uo i.y4j 


n 90 ( q c\q\ 
-U.zU o.Uo ) 


n 1 q ( fi/i \ 
u.io y.04j 


1 9fi0 


C90q7 


/18C 
400 


n nq 

U.Uo 


n 1 
u. iy 


/ 

...(. 


• • ) 


n 

U.U 


...... 


n m ( k 78^ 

U.Ul O.(oj 


■■■(■■■) 


■■■(■■■) 


1 9&0 


OZ / Oo 


1ZO 


oa 

U.Uo 


n 91 
u.zi 


...{. 


■ ■ ) 


n 

U.U 


...... 


■■■(■■■) 


( \ 
■■■(■■■) 


■■■(■■■) 


1 9&9 


OZ / oy 


fi30 

DoU 


n 1 9 
u. 1Z 


n 9s 

U.Zo 


n ^7 
u.o * 


{ U.ZD ) 


A1 7 
4o. / 


...... 


n ( 1 qi\ 
u.u ^ 1 .yo ) 


n aa (or\7 1 n"\ 
U.44 ^zu / .1U ) 


O 9R ( 1 Q 1 8A 

u.zo ^ iy.io ) 


1 ^1 o 


c,qnqq 

OOUOO 


909 
zuz 


U. 1 1 


n 1 s 

U. lo 


( 

■■■{■ 


■ ■ ) 


n 

U.U 


...{...) 


( \ 
■ ■■(■■■) 


( \ 
■ ■■(■■■) 


( \ 
■ ■■(■■■) 


1 Q1 7 


Oz / DO 




y 


n in 
u. 1U 


ft 9fl 
U.zU 


...(. 


■ ■ ) 


U.U 


...... 


■ ■■(■■■) 


■ ■■(■■■) 


■ ■■(■■■) 


1 Q91 


C97fi/1 
Oz / 04 


A A1 
401 


u. 10 


n 99 

U.zz 


9 1/1 
z.14 




qc a 
Oo. 4 


...... 


O KC\ ( q9 A 1 A 
-U.OU OZ. 41 ) 


n oq ( q 1 K\ 
-U.Uo O.IOJ 


n 90 ( 1 7q\ 

U.zU 1 . 1 6) 




OOUoo 


ou 


ri/i 

U.U4 


n 93 

U.Zo 


1 07 

i.y ( 


^ U.oZ ) 


fia a 

00.4 


...... 


10/9 90^1 

-u.iy ^ z.zuj 


O 03 I 9 1 fi~1 
-u.uo ^ Z. ID ) 


19/9 Q8~1 

-u. iz ^ z.yo j 




OZ; f Ui 


31 3 


n 1 9 

U . -L Z 


n 91 

U. Z _L 


( 


■ ■ ) 


n n 

U.U 




D 09 ( 9 "^Q"! 
u.uz 1 z.oyi 


( \ 
■ ■■{■■■) 


( \ 
■ ■■{■■■) 


1327 


52781 


252 


0.08 


0.14 


...(. 


••) 


0.0 




...(...) 


...(...) 


...(...) 


1332 


52781 


469 


0.28 


0.32 


5.83 


( 0.64) 


23.2 




...(...) 


-1.09 ( 2.08) 


-1.25 ( 2.37) 


1363 


53053 


104 


0.18 


0.27 


1.12 


( 0.38) 


55.6 




0.0 ( 1.55) 


-0.05 ( 9.05) 


0.17 ( 7.07) 


1373 


53063 


255 


0.03 


0.13 


...(. 


••) 


0.0 


0.0 ( 2.30) 


...(...) 


...(...) 


...(...) 


1390 


53142 


385 


0.13 


0.29 


2.08 


( 0.49) 


26.1 




...(...) 


0.07 ( 2.41) 


0.05 ( 1.68) 


1416 


52875 


490 


0.07 


0.19 


2.18 


( 1-17) 


14.4 




-0.03 ( 1.77) 


...(...) 


...(...) 


1423 


53167 


528 


0.20 


0.33 


1.73 


( 0.50) 


42.2 




...(...) 


-0.54 ( 1.35) 


-0.18 ( 1.77) 


1429 


52990 


336 


0.07 


0.15 


1.25 


( 0.16) 


42.7 


0.0 ( 2.61) 


0.0 ( 2.78) 


0.67 ( 1.63) 


0.06 ( 2.11) 


1604 


53078 


459 


0.08 


0.17 


0.82 


( 0.43) 


42.2 




0.94 ( 6.10) 


0.49 ( 1.32) 


1.61 ( 1.98) 


1607 


53083 


48 


0.08 


0.15 


...(. 


■•) 


0.0 




-0.63 ( 6.30) 


...(...) 


...(...) 


1618 


53116 


285 


0.04 


0.17 


...(. 


••) 


0.0 




...(...) 


...(...) 


...(...) 


1620 


53137 


175 


0.07 


0.10 


1.00 


( 0.21) 


47.7 


0.0 ( 8.61) 


-0.23 ( 1.69) 


0.05 ( 5.04) 


-0.17 ( 23.12) 
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Table 2 — Continued 



plate 


mjd 


fiber 


z fg 


Zbg 


R 


Incl 


T u 


T 9 




n 




1677 
1746 


53148 
53062 


262 
533 


0.19 
0.14 


0.31 
0.25 


...(...) 
1.21 ( 0.38) 


0.0 
50.1 


...(...) 
...(...) 


...(...) 

0.39 ( 4.83) 


...(...) 

0.80 ( 1.64) 


...(...) 

0.36 ( 1.92) 


...(...) 

-0.23 (. .. 
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Table 3. The optical depths of the stacked SDSS filters. These values have not been 

corrected for inclination. 



plate 


mjd 


fiber 


z fg 


Zbg 


R 






7~gri 


Tgriz 


267 


51608 


A A A 

499 


A A A 

0.04 


0.09 


/ \ 


•■•(•••) ...(...) 


...(...) 


( \ 


A 10 (A 00\ 

-0.13 (4.83) 


273 


51957 


323 


A 1 1 

0.11 


A 1 O 

0.18 


/ \ 

...(...) 


( \ / \ 

•••(•••) ...(...) 


•••(•••) 


•••(•••) 


...(...) 


ot c 

275 


51910 


OOO 

233 


A AO 

0.03 


A A A 

0.09 


A OA /A AA\ 

0.80 (0.09) 


{ \ f\ OC\ I \\ O f A\ 

...(... ) 0.30 (18.64) 


A ACT / T f7\ 

0.05 (7.67) 


AOI /COCX 

0.31 (5.25) 


A Ac 1 a f ri\ 

0.05 (16.51) 


281 


51614 


624 


0.05 


0.20 


...(...) 


• ■•(••■) ...(...) 


...(...) 




...(...) 


ooo 
282 


51658 


1 on 
120 


n h7 
0.0 ( 


n oc 
0.26 


1 £0 ( (\ O/l ~\ 

1.52 (0.24) 


( \ n no i i a o~\ 
...(... J -0.03 (1.43 ) 


n nn 1 1 cn\ 
-0.00 (1.00) 


...(...) 


n nn fi z. no^ 
0.00 (15. y2 ) 


280 


51y30 


15 


n no 
0.02 


n 1 a 
0.14 


■••(••• ) 


■■■{■■■) ...(...) 


...(...) 


...(...) 


...(...) 




£ 1 /" 70 

51673 


C /I c 

546 


n n a 

0.04 


n on 

0.30 


...(...) 


/ \ / \ 

•••(•••) ...(...) 


...(...) 


•••(•••) 


...(...) 


OO / 


olyy ( 


OOO 

zzz 


A AC 

O.Oo 


A 1 A 
U.14 


■■■{■■■) 


( ) ( ) 


...(...) 


...(...) 


...(...) 


A HQ 

4Uo 


Olo / 1 


OOO 


n 1 a 
U. 14 
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Table 4. Exponential fit values to optimum aperture optical depths 



niter 


U.U1 < z < U.l 






U.l < Z < U.Z 






TO 


h 


rms 


TO 


h rms 


u 


0.1 


-1.8 









g 


1.4 


3.9 


1.0 


0.3 


-16.7 0.6 


i 


0.3 


-70.3 


1.2 


0.2 


-3.4 0.9 


r 


0.7 


7.6 


1.2 


0.3 


-7.2 0.8 


z 


0.4 


-648.5 


1.1 


0.7 


6.6 1.0 



Table 5. Exponential fit values to visual aperture optical depths 



filter 0.01 <z< 0.1 0.1 < z < 0.2 

t h rms t h rms 



u 



g 


0.04 


-1.0 


1.0 


0.4 


17.8 


0.6 


i 


0.1 


-2.1 


1.2 


0.3 


6.2 


0.9 


r 


0.1 


-3.8 


1.2 


2.1 


0.5 


0.8 


z 


0.3 


-5.6 


1.1 


0.4 


9.3 


1.0 



Table 6. Exponential fit values to visual aperture optical depths in the r+i 



Redshift 


To 


h 


rms 


z < 0.01 


0.9 


1.3 


0.9 


(arm) 


0.8 


2.3 


0.9 


(disk) 


1.2 


0.8 


0.7 


0.01 < z < 0.1 


0.2 


2.9 


1.2 


0.1 < z < 0.2 


0.3 


7.4 


0.7 



